The GRAIL mission is supported by NASA's Discovery Program and is performed under contract to the Massachusetts Institute of Technology and the Jet Propulsion Laboratory. Topography was obtained from the Lunar Orbiter Laser Altimeter on the Lunar Reconnaissance Mission, managed by NASA's Goddard Space Flight Center. The NASA Pleiades and Center for Climate Simulation supercomputers were used to compute the gravity solutions. All data used in this study are archived in the Geosciences Node of the NASA Planetary Data System at http:// geo.pds.nasa.gov/missions/grail/default.htm. Jeffrey C. Andrews-Hanna, 8 Francis Nimmo, 9 James T. Keane, 10 Katarina Miljković, 1 ‡ Jason M. Soderblom, 1 Maria T. Zuber 1 Multiring basins, large impact craters characterized by multiple concentric topographic rings, dominate the stratigraphy, tectonics, and crustal structure of the Moon. Using a hydrocode, we simulated the formation of the Orientale multiring basin, producing a subsurface structure consistent with high-resolution gravity data from the Gravity Recovery and Interior Laboratory (GRAIL) spacecraft. The simulated impact produced a transient crater,~390 kilometers in diameter, that was not maintained because of subsequent gravitational collapse. Our simulations indicate that the flow of warm weak material at depth was crucial to the formation of the basin's outer rings, which are large normal faults that formed at different times during the collapse stage. The key parameters controlling ring location and spacing are impactor diameter and lunar thermal gradients.
O rientale, the youngest and best-preserved lunar multiring basin, exhibits three concentric topographic rings and an Inner Depression (1). The Inner Depression is a central topographic low associated with the zone of excavated crust that extends to a radial distance R = 160 km from the basin center and is bounded by a scarp (2, 3). The Outer Rook (R ≈ 330 km) and Cordillera (R ≈ 430 km) rings are topographically consistent with fault scarps (3, 4) . High-resolution gravity data from the Gravity Recovery and Interior Laboratory (GRAIL) spacecraft reveal that the Outer Rook and Cordillera rings are associated with offsets at the crust-mantle interface and localized zones of crustal thinning (2) . The Inner Rook (R ≈ 230 km) is distinct, with a topographic signature similar to those of the peak rings of smaller basins (3, 5) and is associated with a flattening of relief at the crust-mantle boundary (2) .
To understand the processes that produced the subsurface structure inferred from gravity (2), we modeled the formation of Orientale using the two-dimensional version of iSALE, a multimaterial, multirheology, finite-difference shock physics code (6) (7) (8) . Because iSALE is a continuum model, faults are manifest as localized regions of high strain rather than as discrete slip planes. Previous models of Orientale-scale impacts (9, 10) showed subtle strain localization in the crust around the crater, hinting at ring fault formation during crater collapse, but were unable to resolve fault offsets (i.e., the amount of slip along the fault) and topographic expression. Below, we describe several model improvements that allowed us to directly resolve the formation of Orientale's rings and faults with kilometers of offset, in a manner not achievable with previous basin formation models (9) (10) (11) (12) (13) . We include a dilatancy model (14) , which describes how deformation increases the porosity of geological materials and contributes to shear localization (15) . We use a damage model with an exponential dependence on strain (15) , which results in more localized deformation in rocks that are already heavily fractured. For structures the size of Orientale, the curvature of the Moon's surface is important (16), so we model impacts into a spherical Moon-like target with a realistic central gravity field (17) .
We assume a vertical impact of an asteroid made of dunite at a typical lunar impact velocity of 15 km/s (18) . Our axisymmetric models have a spatial resolution of 1 km. We vary the impactor diameter, pre-impact crustal thickness, and thermal structure while attempting to match ring locations as well as the crustal thickness, which is derived from GRAIL gravity measurements and topography from the Lunar Orbiter Laser Altimeter (LOLA) on the Lunar Reconnaissance Orbiter (19, 20) . Because rock strength decreases as the melting temperature is approached (7), the assumed pre-impact thermal structure of the target body has the most substantial effect on the formation of large impact basins (9-12, 16, 21) . Our best-fitting model uses an impactor with a diameter of 64 km, a preimpact crustal thickness of 52 km, and a linear thermal gradient of 14 K/km from a surface temperature of 300 K. The thermal structure transitions to an adiabat of~0.04 K/km at temperatures exceeding 1300 K ( fig. S1 ) and is consistent with the lunar thermal structure~4 billion years ago (17, 21) .
Our model provides insight into the extent and temporal progression of excavation and crustal disruption, including the timing and formation of Orientale's rings (Fig. 1) . The impact first produces a bowl-shaped crater with a maximum depth of~180 km; this cavity is unstable and experiences gravitational collapse. Although much of the deepest material collapses back into the crater, the maximum depth of excavation is~55 km (i.e., into the mantle), where we define excavated material as any material on a ballistic trajectory and above the pre-impact surface at the time the crater has its maximum volume. Of the 5. are deposited between the basin rim and a distance of one basin diameter (R = 430 to 860 km). These values are consistent with constraints from GRAIL and LOLA (2) . The time when the crater reaches its maximal volume is also used to determine the width of the transient crater (R ≈ 195 km), which extends to a radial distance between the presentday Inner Depression and the Inner Rook ring and precedes the formation of any of the observed rings. Older studies have attempted to relate the rim of the transient crater to Orientale's rings (1, (22) (23) (24) (25) (26) , but the relative difference in their time of formation suggests that there is no reason to expect a correlation, and indeed no present-day topographic features correspond to the transient crater (2) . This implies that for large impact basins, the transient crater and impactor size must be deduced not from topography but rather from the gravity and crustal thickness signature, using empirical relations from numerical models (21) .
As the bowl-shaped transient crater collapses, a central uplift forms, composed of mantle material (Fig. 1A) . As the crater continues to collapse, the Outer Rook fault (Fig. 1B) forms and ejecta are emplaced well outside the location where the Cordillera ring eventually forms after further inward collapse (Fig. 1C and Fig. 2A ). This aspect of the simulation is consistent with observations suggesting that the Cordillera formed subsequent to ejecta emplacement (3). Our model predicts that both normal faults cut through the crust, and their dip angle (i.e., angle with respect to the surface) gradually decreases in the mantle (Fig. 1C and Fig. 2A ). As illustrated in Fig. 2A , each fault has an offset of a few kilometers and has an average dip angle of 50°to 55°within the crust. Although the fault offsets are still present at late times, as evidenced by the displacement along tracer lines (Fig. 2C) , numerical diffusion smooths the localized total plastic strain associated with the faults (Fig. 1, C and F) .
The Outer Rook and Cordillera rings appear to be the scarps of large normal faults [e.g., (1, 3) ]. Our models indicate that these faults are the result of inward flow of warm, weak mantle material during collapse of the transient crater. This flow of weaker underlying material ( Fig. 1 and fig. S2 ) pulls the cooler crust along with it, ultimately causing extensional faulting with large offsets far from the transient crater rim. In the best-fitting model, the strongest crustal material prior to the impact has a yield strength of 147 MPa and the weakest mantle material has a yield strength of 63 MPa (fig. S1 ). The role of the weak underlying mantle material is consistent with the ring tectonic theory of multiring basin formation (24) .
After rising as high as 140 km above the surface, the central uplift collapses and produces a topographic bulge of crustal material~10 km in height at R ≈ 175 km (Fig. 2B) . The formation of this bulge drives the development of the Inner Rook ring (Fig. 1D and Fig. 2B ). This outcome of the simulation is consistent with earlier suggestions that the formation of the Inner Rook ring is analogous to the formation of peak rings observed in smaller basins (5, 9) . A secondary phase of inward collapse modifies the topographic expression of the Inner Rook (Fig. 1, D and E, and Fig. 2 , B and C), perhaps distinguishing it from peak rings of smaller craters (27) . Although the topographic signature of the Inner Rook is inconsistent with a fault scarp (3), the Inner Rook is associated with a local flattening of relief at the crustmantle boundary (2), which is reproduced in our simulations (Fig. 2C) . Our modeling predicts that the Inner Rook is composed of unmelted, lightly shocked crustal material from 35-to 40-km depths that is pushed over previously emplaced ejecta (Fig. 2 and figs. S3 and  S4 ). This is consistent with observations indicating a cluster of localities composed of nearly pure crystalline plagioclase around the Inner Rook (28) and suggests that the crust around Orientale is nearly pure crystalline plagioclase even at depths exceeding 35 km, consistent with lunar bulk composition estimates (29) .
In the hours after the impact, relatively cool (~1000 K) crustal material flows inward toward the basin center and covers the denser impact melt pool, which is dominated by mantle material (Fig. 1F and fig. S4 ). Combined with the fact that deeply excavated material collapses into the crater (Fig. 1A) , this explains how a basin-scale impact that penetrates to mantle depths could contain crustal material at the basin center, as implied by crustal thickness models (2, 20) . Our models indicate that a thin deposit of crustal impact melt ( fig. S5 ) covers the interior surface of Orientale, consistent with the morphologic and spectral interpretation of the Maunder formation (30) . More oblique impacts, characterized by shallower excavation depths, would produce thicker crustal impact melt units (11) .
Three hours after initial impact, the center of the basin is~7 km deeper than currently observed ( fig. S6) . A deep post-impact basin is integral to the process that produces positive gravity anomalies over most lunar basins (11, 31) . Over the next few hundred million years, the basin center rises to its present position in response to the post-impact stress state (11, 31) . Mechanical coupling of the lithosphere in the basin center with the lithosphere associated with the crustal collar (annulus of thickest crust after transient crater collapse) enables the initially subisostatic basin center to uplift, becoming superisostatic and producing the free-air gravity anomaly of~250 mGal (1 mGal = 10
over the center of Orientale (11, 31, 32) . Although our models do not result in a scarp bounding the Inner Depression (R ≈ 160 km), they suggest that this scarp formed after the Inner Rook. Any topographic feature formed interior of R ≈ 200 km, including the transient crater rim, would be destroyed by collapse of the central uplift (Fig. 1) . After crater collapse, the impact melt pool extends from the basin center out to the edge of the Inner Depression ( fig. S7 ). The Inner Depression is clearly associated with the mantle uplift (2). Although we cannot rule out formation of the scarp bounding the Inner Depression within a few hours of the impact, our modeling supports the inference that the Inner Depression formed on a much longer time scale, tectonically as the basin adjusted in response to the post-impact stress state (11, 33) , aided by cooling and contraction of Orientale's massive melt pool (34, 35) .
In our models, some mantle material splashes out onto the crust as the central uplift collapses (Fig. 1, C to F, and fig. S4 ), but this may be attributable to the limitations of our axisymmetric model. The southwestern quadrant of Orientale exhibits at least four large normal faults instead of two seen in other regions (3) . The initial crustal thickness varies over the broad area of the Orientale basin; coupled with the effects of an oblique impact, this may explain the marked difference between the development of rings in the eastern and western sectors of the basin.
In addition to forming rings in approximately the correct locations ( Fig. 1 and fig. S8B ), models with pre-impact crustal thicknesses that range from 48 to 52 km also reproduce the azimuthally averaged crustal thickness profile derived from GRAIL gravity and LOLA topography (Fig. 3) . Our modeling shows that ring location and fault offsets are highly dependent on impactor size and the pre-impact thermal gradient (figs. S9 and S10). In our best-fitting model, the region where crust is thinned from the pre-impact value extends to R thin ≈ 200 km. The parameter R thin also provides an estimate for the radius of the zone of ejecta provenance or excavation cavity (36) . In our best-fitting model of Orientale, these two metrics agree to within 5%. We favor the model with pre-impact crustal thickness of 52 km because it produces a thicker cap of cool crustal material at the center of the basin (Fig. 3) , consistent with gravity observations.
Inverse models of GRAIL gravity data suggest that the Outer Rook and Cordillera are associated with localized crustal thinning and offsets at the crust-mantle interface (2). The crustal structure also reveals offsets at the crustmantle interface that do not correlate with rings and may indicate additional subsurface faults. The faults with small offsets forming on either side of the Cordillera in our simulations may be consistent with these additional faults (Fig. 2) . The amount of crustal thinning and magnitude of crust-mantle relief, however, depend on the assumptions of these inverse models (2). Our models exhibit local minima in the crustal thickness (Fig. 3) and offsets at the crust-mantle interface (Fig. 2 ) associated with the Outer Rook and Cordillera. These results are consistent with normal faults with offsets of a few kilometers cutting through the crust-mantle interface. The simple geometry of a normal fault with a dip angle of 50°and offset of 4 km cutting through 50-km-thick crust will create a~40-km-wide region where the crust is thinned by~3 km. This idealized fault geometry is similar to the modeled Outer Rook ring (Fig. 3 , red curve 300 to 340 km from basin center). When extension occurs close to a fault (within~40 km), the zone of crustal thinning is broader (Figs. 2 and  3 and fig. S8B ). Inverse models of the crustmantle interface are limited in resolution to a wavelength approximately equal to the crustal thickness. Thus, the predicted broader zone of extension may explain in part why the signature of the Cordillera is more robust than that of the Outer Rook (2) . Similar local minima in crustal thickness as observed by GRAIL may reveal ring faults in highly degraded or mare-filled basins.
